Ppp2r1a encodes the scaffold subunit Aalpha of protein phosphatase 2A (PP2A), which is an important and ubiquitously expressed serine threonine phosphatase family and plays a critical role in many fundamental cellular processes. To identify the physiological role of PP2A in female germ cell meiosis, we selectively disrupted Ppp2r1a expression in oocytes by using the Cre-Loxp conditional knockout system. Here we report for the first time that oocyte-specific deletion of Ppp2r1a led to severe female subfertility without affecting follicle survival, growth, and ovulation. PP2A-Aalpha was essential for regulating oocyte meiotic maturation because depletion of PP2A-Aalpha facilitated germinal vesicle breakdown, causing elongation of the MII spindle and precocious separation of sister chromatids. The resulting eggs had high risk of aneuploidy, though they could be fertilized, leading to defective embryonic development and thus subfertility. Our findings provide strong evidence that PP2A-Aalpha within the oocyte plays an indispensable role in oocyte meiotic maturation, though it is dispensable for folliculogenesis in the mouse ovary.
INTRODUCTION
Mammalian ovaries contain follicles as basic functional units, and the number of primordial follicles determines the length of female reproductive life. In order to produce mature eggs, dormant primordial follicles are activated and subsequently develop through primary follicles, secondary follicles, to antral follicles. Finally, further advanced antral follicles called dominant follicles reach the preovulatory stage and release mature eggs for fertilization after gonadotropin surge [1] . In the meantime, upon stimulation by the gonadotropin surge, the oocyte in the follicle, which is continuously arrested at the germinal vesicle (GV) stage during folliculogenesis, resumes meiosis as indicated by GV breakdown (GVBD) followed by spindle organization and chromosome alignment for correct chromosome segregation. After first polar body extrusion, the oocyte completes meiosis I and is arrested again at metaphase of meiosis II awaiting fertilization [2, 3] . The haploid oocyte is generated through two consecutive chromosome segregations, meiosis I and II, with only one round of DNA replication. In meiosis I, homologous chromosome pairs segregate with sister chromatids still attached to each other; it is only after meiosis II that the sister chromatids finally separate. Aneuploidy might occur if chromosomes fail to segregate accurately, which is a leading genetic cause of infertility, pregnancy loss, and many developmental disabilities [4] .
PP2A is an important and ubiquitously expressed serine threonine phosphatase family, which plays a critical role in many fundamental cellular processes, such as cell proliferation, signal transduction, DNA repair, and apoptosis [5] . The basis for its multifunctionality rests on the large number of subunits that determine its phosphatase activity, substrate specificity, and subcellular localization. PP2A is a heterotrimer composed of a scaffold subunit (A), a catalytic subunit (C), and one of many regulatory subunits (B). The dimeric form consisting of the scaffold and catalytic subunit also exists as the core-PP2A enzyme [6] . Among these subunits, PP2A-A acts as a structural assembly base to escort the catalytic subunit and to facilitate interaction with the regulatory subunit and other substrates [7] , which is essential for the activity of the holoenzyme. The PP2A scaffold subunit is encoded by two distinct genes, Ppp2r1a and Ppp2r1b, resulting in two isoforms, Aa and Ab, which are 87% identical [8] . However, in about 90% of the PP2A assemblies, the core and/or holoenzyme is composed of the Aa scaffold subunit and is highly abundant in all tissues [9] . The discovery that Aa is mutated in a variety of human malignancies, including cancer of the breast, lung, skin, and ovaries, provided evidence that PP2A-Aa plays a role in cancer [10] , suggesting its role in tumor suppression. PP2A has been studied in vitro using an exogenous inhibitor, okadaic acid (OA), or RNA interference by others and us [11] [12] [13] [14] [15] , suggesting its possible role in the regulation of meiosis. Recently, Su et al. [16] found that up-regulation of protein phosphatase 2 catalytic subunit (PPP2CB) is key to the meiotic arrest phenotype, which demonstrated that PP2A might be involved in the regulation of meiosis resumption. Qi et al. [17] and Chambon et al. [18] both found that I2PP2A, the inhibitor of PP2A, was essential for sister chromatid segregation, which also suggested the importance of PP2A in meiosis. However, solid data demonstrating the in vivo roles of PP2A within the oocyte or ovary, especially in mammals, is still lacking. Whether Aa plays any roles in germ cell meiosis is unclear.
Genetically modified mouse models are powerful tools for studying gene function in vivo. Here, we used the conditional knockout approach by crossing Ppp2r1a F/F mice with Gdf9-Cre mice to generate mutant mice with specific deletion of Ppp2r1a in oocytes in order to investigate the function of PP2A-Aa in germ cell meiosis. Oocyte-specific deletion of Ppp2r1a did not affect follilculogenesis or ovulation, but caused female subfertility due to aneuploid eggs derived from precocious separation of sister chromatids. Ppp2r1a mutation also facilitated GVBD by advanced activation of Cyclin B1-Cdc2 kinase (MPF). Loss of PP2A-Aa did not affect spindle formation during meiosis II but compromised spindle shape and cytokinesis in meiosis II.
MATERIALS AND METHODS

Mice
Mice lacking Ppp2r1a in oocytes (referred to as Ppp2r1a F/F ; GCreþ) were generated by crossing Ppp2r1a F/F mice (The Jackson Laboratory) with Gdf9-Cre mice. Ppp2r1a F/F mice have a mixed FVB/NJ and 129S4/SvJae genomic background, while Gdf9-Cre mice have a C57BL/6J genomic background. The mice were housed under controlled environmental conditions with free access to water and food. Illumination was provided between 0800 and 2000 h. Animal care and handling were conducted according to the guidelines of the Animal Research Committee of the Institute of Zoology, Chinese Academy of Sciences.
Antibodies
Antibodies used in the experiments were purchased from the following companies: rabbit monoclonal anti-PP2A-A (CST); rabbit polyclonal anticleaved caspase 3 (CST); CREST, human anti-centromere antibody (Fitzgerald), mouse monoclonal anti-a-tubulin (Sigma), mouse monoclonal anti-cyclin B1 (Abcam); rabbit polyclonal anti-Rec8 (Abcam); goat polyclonal anti-p-Cdc2 (Thr-161; Santa Cruz); and mouse monoclonal anti-b-actin (Santa Cruz). Cy5-conjugated goat anti-human immunoglobulin G was purchased from Jackson ImmunoReserach Laboratory, and other secondary antibodies were purchased from ZhongShan Golden Bridge Biotechnology Co., LTD.
Natural Ovulation and Superovulation
For the natural ovulation assay, 2-to 4-mo-old female mice were mated with fertile wild-type males overnight. Successful mating was confirmed by the presence of vaginal plugs. Fertilized eggs were harvested from oviducts, counted, and analyzed after treatment of the cumulus mass with 1 mg/ml hyaluronidase (Sigma) in M2 medium.
To induce ovulation and collect MII oocytes, each female mouse was injected with 5 international units of eCG followed by 5 international units of hCG at 48 h to promote ovulation. Mice were killed at 12-14 h after the hCG treatment, and cumulus-oocyte complexes were recovered from each oviduct. After a 5-min treatment with hyaluronidase (1 mg/ml) in M2 medium (Sigma), oocytes were collected.
Oocyte Collection and Culture
GV-stage oocytes were isolated from ovaries of 6-to 9-wk-old female mice and cultured in M2 medium under paraffin oil at 378C and 5% CO 2 in air. They were collected at different times of culture for immunofuorescent staining, Western blot analysis, and chromosome spreads.
Immunofluorescence Analysis and Chromosome Spreads
Oocytes for immunofluorescent staining were fixed in 4% paraformaldehyde in PBS for 30 min at room temperature. Then they were transferred to membrane permeabilization solution (0.5% Triton X-100) for 20 min and blocking buffer (1% bovine serum albumin-supplemented PBS) for 1 h. At last, oocytes were incubated overnight at 48C with antibodies described above in the appropriate dilutions. Then the oocytes were mounted on glass slides and examined with a laser scanning confocal microscope (Zeiss LSM 710 META).
For chromosome spreads, the oocytes were first freed from the zona pellucida by acid Tyrode solution (Sigma). After a brief wash in M2 medium, the oocytes were transferred onto glass slides and fixed in a solution of 1% paraformaldehyde in distilled H 2 O (pH 9.2) containing 0.15% Triton X-100 and 3 mM dithiothreitol. The slides were left to dry and then blocked with 1% bovine serum albumin in PBS for 1 h at room temperature. The oocytes were then incubated with primary antibodies overnight at 48C. After three washes with washing buffer, the slides were then incubated with the corresponding secondary antibodies for 2 h at room temperature. DNA was stained with 4 0 ,6-diamidino-2-phenylindole, and slides were mounted for observation with immunofluorescence microscopy.
Western Blot Analysis
A total of 200 mouse oocytes per sample were mixed with SDS sample buffer and boiled for 5 min at 1008C for SDS-PAGE. Western blots were performed as described previously [19] using an antibody dilution of anti-PP2A-A/Cyclin B1/p-Cdc2 (1:500) and anti-b-actin (1:2000) .
RNA Isolation and Real-Time Quantitative PCR Analysis
Total RNA from 100 oocytes was extracted using RNeasy micropurification kit (Qiagen). Single-stranded cDNAs were generated with cDNA synthesis kit (Invitrogen). The resultant cDNAs were used for real-time PCR. Real-time PCR was performed by using SYBR Premix Ex Taq kit (TaKaRa Biotechnology [Dalian] Co., Ltd.) in the Roche 480 Sequence Detection System. Analysis of relative gene expression was measured by real-time quantitative PCR and the 2 ÀDDCT method.
Histological Analysis and Quantification of Ovarian Follicles
Ovaries used for histological analysis were collected from adult female mice. They were fixed in 4% paraformaldehyde (pH 7.5) overnight at 48C, dehydrated, and embedded in paraffin. Paraffin-embedded ovaries were sectioned at a thickness of 8-lm for hematoxylin and eosin (H&E) staining. One or both ovaries from more than three mice of each genotype were used for analysis.
Quantification of ovarian follicles was performed as previously described by Tilly [20] . Briefly, to count the numbers of follicles, paraffin-embedded ovaries were serially sectioned at 8-lm thickness, and every fifth section was mounted on slides. Then these sections were stained with H&E for morphological analysis. Ovarian follicles at different developmental stages, including primordial and activated follicles, were counted in collected sections of an ovary, based on the well-accepted standards established by Pedersen and Peters [21] . In each section, only those follicles in which the nucleus of the oocyte was clearly visible were scored, and the cumulative follicle counts were multiplied by a correction factor of 5 to represent the estimated number of total follicles in an ovary.
Statistical Analysis
All the experiments were repeated at least three times. Statistical analysis was performed using SPSS. Data were expressed as mean 6 SEM, and P , 0.05 was considered statistically significant.
RESULTS
Generation of Mutant Mice with Oocyte-Specific Deletion of Ppp2r1a
To study which roles PP2A-Aa plays in folliculogenesis and oocyte meiotic maturation, we generated mutant mice in which exons V-VI of the Ppp2r1a gene were targeted. This was achieved by crossing Ppp2r1a F/F mice with transgenic mice expressing Gdf9 promoter-mediated Cre recombinase. In Gdf9-Cre mice, Cre is expressed in oocytes of primordial follicles since Postnatal Day 3 and in later developmental stages [22] . Immunofluorescent analysis of oocytes from Ppp2r1a F/F ; GCreþ females revealed loss of PP2A-A localization on kinetochores, indicating deletion of Ppp2r1a (Fig. 1A) . Furthermore, by RT-PCR and Western blot analysis, we confirmed that expression of the Ppp2r1a in oocytes from Ppp2r1a F/F ; GCreþ females at both mRNA and protein level was almost absent (Fig. 1, B and C).
PP2A-Aa Within the Oocyte Is Essential for Female Fertility but Dispensable for Folliculogenesis
To investigate the effect of Ppp2r1a deletion on female fertility, a breeding assay was carried out by mating Ppp2r1a F/F or Ppp2r1a F/F ; GCreþ female mice with males of proven fertility for 6 mo. As shown in Figure 1D , female Ppp2r1a F/F ; GCreþ mice were severely subfertile and gave HU ET AL.
birth to about 84% fewer pups than control mice. The decreased number of pups born by Ppp2r1a F/F ; GCreþ mice did not appear to be related to the ovulation rate because the mutant mice could ovulate approximately the same number of eggs compared with control mice in the natural ovulation assay (Fig. 1E ). To determine how the loss of Ppp2r1a from oocytes impairs mouse fertility, we further compared follicular development in 7-mo-old Ppp2r1a F/F ; GCreþ mice to that in Ppp2r1a F/F mice. No apparent morphological difference was found in 7-mo ovaries of both genotypes (Fig. 1F) , where the number of primordial or activated follicles also showed no significant differences between the two genotypes (Fig. 1G) . These results based on histological analysis and follicle counting revealed that Ppp2r1a deletion from oocytes did not affect follicular activation or growth, suggesting that PP2A-Aa within the oocyte might be dispensable for ovarian folliculogenesis and maintenance of the female reproductive lifespan. Thus, the reasons for the subfertility of mutant mice may come from defects within mutant oocytes.
Deletion of Ppp2r1a Facilitates GVBD by Regulating MPF Activity
To further understand the defects in oocytes caused by Ppp2r1a deletion, we employed oocytes from in vitro culture to observe the major events during the meiotic maturation process. First, we investigated whether Ppp2r1a deletion had an influence on meiotic resumption. When cultured in M2 medium, the mutant oocytes exhibited normal GVBD rates compared with the control group. However, when we arrested oocytes in M2 medium containing 0.6 lM milrinone (which was close to the minimum concentration of milrinone needed to maintain meiotic arrest in mouse oocytes) for 24 h and counted the number of GVBD oocytes, we found that the percentage of GVBD oocytes in the mutant group (28.9% 6 7.0%, n ¼ 201) was considerably higher than that of the control group (6.8% 6 3.0%, n ¼ 290, P , 0.001; Fig. 2A ). As is known, at the G2/M transition of the cell cycle, MPF is activated, depending on both increased synthesis of Cyclin B1 and active Cdc2 kinase. [23] [24] [25] . Not only dephosphorylation of both Thr-14 and Tyr-15 but also phosphorylation of Thr-161 are required for Cdc2 kinase activity [26] . Thus, we investigated the MPF activity in both mutant and control groups. GV oocytes were cultured for about 3 h, and oocytes that had undergone GVBD were collected for Western blot analysis. Consistent with the above quantification result, the expression of Cyclin B1 and phosphorylation of Cdc2
Thr161 in Ppp2r1a F/F ; GCreþ oocytes were significantly higher than in Ppp2r1a F/F oocytes (Fig. 2B ), indicating that MPF activity was significantly increased due to depletion of PP2A-Aa. These results demonstrate that PP2A-Aa may be required as an inhibitor for the regulation of MPF activity during meiotic resumption.
Depletion of PP2A-Aa Does Not Affect Oocyte Meiotic Progression to the MI Stage and Spindle Organization
Considering an earlier study that reported that treatment with OA, which inhibits oocyte cytoplasmic PP2A, caused an absence of microtubule polymerization and spindle formation [13] , we asked whether depletion of PP2A-Aa would affect spindle formation in meiosis I. To observe oocyte meiotic progression to the MI stage, after 8 h of culture in M2 medium, both the mutant and control oocytes were collected for immunofluorescence analysis. Surprisingly, in Ppp2r1a F/F ; GCreþ oocytes, spindles were well-organized with chromosomes all aligned at the equatorial plate, showing no obvious difference compared to Ppp2r1a F/F oocytes (Fig. 3A) . This was also confirmed by further quantification of the result showing that 90.9% of mutant oocytes could reach metaphase I with stable barrel-shaped spindles after 8 h of in vitro culture (Fig.  3B) . Therefore, PP2A-Aa is not required for microtubule polymerization and spindle formation during meiosis I.
Depletion of PP2A-Aa Causes Misaligned Chromosomes and Abnormal Spindles in Meiosis II
To address the role of PP2A-Aa after the MI stage, we collected and observed superovulated MII oocytes. Nearly all the mutant oocytes displayed first polar bodies inside the zona pellucida, suggesting that completion of meiosis I was not disturbed by loss of PP2A-Aa. However, chromosomes in Ppp2r1a F/F ; GCreþ oocytes, instead of aligning at the middle plate, were dispersed on the spindle (Fig. 4A) . Besides, the spindles were significantly elongated (Fig. 4A) , which was further confirmed by measurement of the spindle length and oocyte diameter followed by calculation of their ratio (0.42 6 0.05 vs. 0.27 6 0.04, P , 0.001) (Fig. 4B ). Considering such anomalies of mutant oocytes, we wondered if they would exit the MII stage. So we treated oocytes with SrCl 2 -activation solution to activate the MII-arrested oocytes. At 2 h after parthenogenetic activation, the oocytes were fixed and stained with a-tubulin and propidium iodide to observe the separation of sister chromatids. Unlike Ppp2r1a F/F oocytes in which sister chromatids segregated and moved to the spindle poles indicating that anaphase/telophase II had been reached, Ppp2r1a F/F ; GCreþ oocytes showed lagging chromatids toward spindle poles and malformed spindles (Fig. 4C ). These data demonstrate that PP2A-Aa may be essential for formation of good MII spindles and accurate chromosome segregation during meiosis II.
Ppp2r1a Deletion in Oocytes Leads to Precocious Separation of Sister Chromatids Due to Loss of Centromeric Cohesion
To further examine the role of PP2A-Aa in meiotic chromosome segregation, superovulated oocytes at the MII stage were collected for chromosome spreading analysis. As shown in Figure 5A , sister chromatids were closely connected at the centromeres (indicated by a centromere marker, CREST) in Ppp2r1a F/F oocytes; however, in Ppp2r1a F/F ; GCreþ oocytes, many sister chromatids were precociously separated and became univalent (yellow arrowheads) in the absence of PP2A-Aa at the centromeres (Fig. 5A) . We calculated the rate of precocious separation of sister chromatids (PSSCs) in both genotype oocytes. Surprisingly, the PSSC rate of mutant oocytes was 73.6% 6 5.1% (n ¼ 106), significantly higher than that of control oocytes, which was only 6.7% 6 1.8% (n ¼ 104, P , 0.001; Fig. 5B ).
It is well-known that to ensure the accuracy of chromosome segregation, separase-mediated stepwise removal of cohesion (a multisubunit complex that maintains the attachment of sister chromatids), first from chromosome arms and later from the centromere region, is the prerequisite for keeping sister chromatids together until meiosis II [27] . Considering the PSSCs observed in this study, we further investigated the integrity of cohesion at the centromere region. A well-known meiosis-specific subunit of cohesin, Rec8, has been reported to remain protected from separase at the centromere until meiosis II. Thus, we collected superovulated oocytes for chromosome spreading and immunostaining for Rec8. As shown in Figure  5C , localization of Rec8 in Ppp2r1a F/F oocytes was normal, but in Ppp2r1a F/F ; GCreþ oocytes, this centromeric localization of Rec8 disappeared from those single sister chromatids, suggesting that cohesion between sister chromatids was broken already. Collectively, these results show that PP2A-Aa is essential to support accurate chromosome segregation in female meiosis and oocyte euploidy, providing an explanation for female subfertility in the absence of functional PP2A-Aa.
Defects in Early Embryonic Development Leads to Subfertility in Ppp2r1a
F/F ; GCreþ Mice
To further confirm the causes of female subfertility in mutant mice, we extended our observation after fertilization. In vivo zygotes were collected at Embryonic Day 0.5 (E0. ; GCreþ oocytes after being arrested for 24 h in M2 medium containing 0.6 lM milrinone. Data are presented as mean 6 SEM. The numbers of analyzed oocytes are indicated (n); **P , 0.001. B) Western blots showing elevated expression of Cyclin B1 and elevated phosphorylation of Cdc2 (n ¼ 200 oocytes for each lane). GV oocytes were cultured for about 3 h, and oocytes that had undergone GVBD were collected for Western blot analysis. Levels of b-actin were used as internal controls, and normalizations to b-actin are shown. The experiments were repeated three times. 
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extruded second polar bodies, and many formed visible pronuclei (yellow arrowheads, Fig. 6A ). Although second polar bodies could be seen in Ppp2r1a F/F ; GCreþ eggs, indicating that they had completed fertilization, the formation of bigger polar bodies and absence of visible pronuclei suggested that these zygotes from mutant mice might be defective (Fig. 6A) . Further immunofluorescence analysis proved that these mutant zygotes displayed defects in efficient pronuclear formation: some contained three small pronuclei, some extruded all of the chromatin, and some even failed in cytokinesis (Fig. 6A) . We further collected embryos from the uterus at E4.0 from Ppp2r1a F/F and Ppp2r1a F/F ; GCreþ females. As shown in Figure 6B , early embryos from the control group had reached the blastocyst stage with an obvious blastocoel, while in the mutant group the embryos could barely reach the blastocyst stages and exhibited obvious malformations. Immunofluorescence analysis demonstrated that these malformed embryos derived from Ppp2r1a F/F ; GCreþ females showed a high positive signal for cleaved caspase 3 (white arrows, Fig. 6B ), suggesting that these embryo cells were undergoing apoptosis. Furthermore, as observed at E5.0, only 3.4 embryos on average from mutant mice could be successfully implanted, which was significantly lower than the average of 9.0 embryos in the control group (P , 0.05, n ¼ 5; Fig. 6, C and D) , which was consistent with the low fertility of mutant females. These data indicate that defective early embryonic development is the result of mutant oocytes with a high PSSC rate as the main underlying cause of subfertility in Ppp2r1a F/F ; GCreþ mice.
DISCUSSION
To produce qualified eggs, both fine follicular development and precise oocyte meiotic maturation are important. By crossing Ppp2r1a F/F mice with Gdf9-Cre mice to generate mutant mice with specific deletion of Ppp2r1a in oocytes, we were able to investigate the roles of PP2A-Aa in both folliculogenesis and oocyte meiotic maturation. We found that PP2A-Aa in oocytes is essential for female fertility. During folliculogenesis, primordial follicles with PP2A-Aa depleted in the oocyte could be activated, grow, and ovulate normally. However, deletion of Ppp2r1a in oocytes caused impaired oocyte maturation, including facilitated GVBD, disorganized MII spindles, and high-frequency PSSCs, thus resulting in severe female subfertility.
As Ppp2r1a encodes the scaffolding subunit Aa of PP2A that is responsible for 90% of core/holoenzyme PP2A assemblies, we assume that the absence of PP2A-Aa will cause a dysfunction of PP2A; in other words, PP2A-Aa represents PP2A to a great extent. PP2A plays a prominent role in the regulation of meiosis. But so far, the functions of PP2A in meiosis was only studied in vitro through exogenous inhibitor OA or RNA interference [11] [12] [13] [14] , and controversial results were obtained. To date there is no solid data demonstrating the in vivo roles of PP2A within the oocyte or ovary, especially in mammals. By using genetically modified mouse models, our study was able to fill this gap and provide convincing evidence.
Cell cycle progression is regulated by the activity of CDKs that are controlled by reversible phosphorylation. A significant amount of genetic evidence points toward PP2A as a regulator of cell cycle progression. Several studies show a negative role for PP2A in the transition from G2 to M phase in mitosis, which is controlled by the MPF complex [28] . The kinase activity of Cdc2 kinase is absolutely dependent on the phosphorylation of Thr-161, whereas phosphorylation of two additional sites, Thr-14 and Tyr-15, inhibits the activity of this enzyme. PP2A has been suggested to inactivate Cdc2 by dephosphorylating Thr-161 of Cdc2 directly or to inactivate Cdc2 indirectly through regulation of WEE1 kinase or Cdc25 [29] . Similarly, PP2A has been implicated in regulating the meiotic G2/M transition as well because our previous study showed that protein phosphatases inhibition with OA treatment facilitated porcine oocyte GVBD [15] . PP2A was described as the phosphatase responsible for dephosphorylation of Cdc25C, and it inhibited activation of Cdc2/Cyclin B (pre-MPF) in Xenopus oocytes [30, 31] . But controversies still remained because PP1 is responsible for the OA-induced GVBD in mouse oocytes, however, microinjection of anti-PP2A antibody PP2A-AALPHA IN MEIOSIS had no effect on GVBD [14] . Thus, whether PP2A has the same function in mouse oocytes still needs clarification. Our results suggest that PP2A might inhibit MPF activities by dephosphorylating of Thr-161 of Cdc2 directly. Our study provides direct evidence for the first time showing that PP2A is involved in regulating the meiotic G2/M transition as an inhibitor of MPF in mouse oocytes.
In vitro studies have shown that PP2A can antagonize the phosphorylation of Rec8-cohesin at the centromeres and serves to protect Rec8 from cleavage, thereby maintaining the attachment of sister chromatids [32] [33] [34] . In addition, our recent study reported that overexpression of SETb, the PP2A inhibitor, causes PSSCs [17] . Thus, we propose that mutation of Ppp2r1a may impair chromosome segregation. Indeed, oocyte-specific deletion of Ppp2r1a resulted in PSSCs and oocyte aneuploidy, which for the first time provided direct in vivo evidence that PP2A regulates cohesin protection and accurate chromosome segregation. It also demonstrated that Aa-participating PP2A assembly might be the main functional form of PP2A at the centromere region. Female meiosis is error prone in humans. It is estimated that 20% of human oocytes are aneuploid, and mistakes in meiotic chromosome segregation account for a third of all pregnancy loss [4] . Accurate stepwise removal of cohesion is a prerequisite for correct chromosome segregation, otherwise premature removal of cohesion will result in aneuploid oocytes. Our work contributes to elucidating the underlying mechanisms that regulate chromosome segregation. In addition, PP2A has been reported to be involved in microtubule organization and spindle formation [12, 13, 35] . In OA-treated oocytes, spindles cannot be formed during meiosis I [13] ; rapid spindle disruption occurs in meiosis II [36] . Unlike these reports, our results showed that spindle formation is not affected during meiosis I, suggesting that according to our results PP2A might not be required for microtubule polymerization. Whereas MII spindles are not able to maintain a steady state and become significantly elongated, without resulting in spindle catastrophe, the mutant oocytes can still undergo meiotic exit. These defects might account for sharply reducing interkinetochore tension after PSSCs, rather than through microtubule disassembly.
It is surprising that knockout of PP2A-Aa in oocytes did not produce any significant effects on follicular activation or later development. It is known that PP2A dephosphorylates several targets including Akt, Foxo1, and S6K, which are all involved in ovarian follicular activation and growth [37, 38] . We once hypothesized that disruption of Ppp2r1a would cause overactivation of primordial follicles and premature ovarian failure due to elevated phosphorylation of Akt, Foxo1, or S6K. However, histological analysis and follicle counting results did not support our original expectation. This may be because other forms of PP2A assembly without Aa are involved in Akt signaling, or it is PP2A in the granulosa cells rather than the oocyte that is important. Finally, we provide compelling evidence that PP2A-Aa within the oocyte is not essential for ovarian follicular activation, survival, or ovulation. In conclusion, our data provide for the first time strong in vivo evidence that PP2A-Aa in oocytes plays essential roles in the regulation of meiosis and in achieving proper oocyte quality.
